Abstract Taste and oral sensations vary in humans. Some of this variation has a genetic basis, and two commonly measured phenotypes are the bitterness of propylthiouracil (PROP) and the number of fungiform papillae on the anterior tongue. While the genetic control of fungiform papilla is unclear, PROP bitterness associates with allelic variation in the taste receptor gene, TAS2R38. The two common alleles are AVI and PAV (proline, alanine, valine, and isoleucine); AVI/AVI homozygotes taste PROP as less bitter than heterozygous or homozygous PAV carriers. In this laboratory-based study, we determined whether taste of a bitter probe (quinine) and vegetable intake varied by taste phenotypes and TAS2R38 genotype in healthy adults (mean age=26 years). Vegetable intake was assessed via two validated, complementary methods: food records (Food Pyramid servings standardized to energy intake) and food frequency questionnaire (general intake question and composite vegetable groups). Quinine bitterness varied with phenotypes but not TAS2R38; quinine was more bitter to those who tasted PROP as more bitter or had more papillae. Nontasters by phenotype or genotype reported greater consumption of vegetables, regardless of type (i.e., the effect generalized to all vegetables and was not restricted to those typically thought of as being bitter). Furthermore, nontasters with more papillae reported greater vegetable consumption than nontasters with fewer papillae, suggesting that when bitterness does not predominate, more papillae enhance vegetable liking. These findings suggest that genetic variation in taste, measured by multiple phenotypes or TAS2R38 genotype, can explain differences in overall consumption of vegetables, and this was not restricted to vegetables that are predominantly bitter.
Introduction
National health surveillance data in the USA indicate that consumption of vegetables falls well below established recommendations (Lock et al. 2005; Steinmetz and Potter 1996) . According to data from the 2005 US Behavioral Risk Factor Surveillance System, just over one in four adults consumed three servings or more of vegetables per day (CDC 2007) ; previous surveillance studies have shown that the majority of vegetables consumed are starchy vegetables, specifically white potatoes (USDA 1998) . The 2010 Dietary Guidelines for Americans advise daily consumption of vegetables, based on energy needs, which translates, for example, from 2.5 to 3 cups of vegetables per day for energy intakes of 1800 to 2400 calories (USDA 2010) . Individuals are encouraged to eat a variety of vegetables including dark green, orange, starchy, and other vegetables (USDA 2010) .
Vegetables are perceptually complex stimuli that can elicit taste, textural, chemesthestic (e.g., irritation, astringency), and olfactory sensations. These sensations may alter an individuals' willingness to consume vegetables, especially those that are rich in putatively beneficial phytonutrients. Those who taste PROP as more bitter also taste a broad range of compounds and foods/beverages as more bitter as illustrated with quinine hydrochloride (QHCl) (Hayes et al. 2008a) , naringin , grapefruit juice (Lanier et al. 2005) , coffee (Lanier et al. 2005) , green tea (Gayathri et al. 1997) , alcoholic beverages (Intranuovo and Powers 1998; Lanier et al. 2005) , and vegetables (Dinehart et al. 2006; Kaminski et al. 2000; Keller et al. 2002; Turnbull and Matisoo-Smith 2002) . Individuals who perceive more bitterness report less liking for vegetables, whether assessed via preference checklists (Bajec and Pickering 2010; Drewnowski et al. 1999 or by tasting vegetables (Dinehart et al. 2006; Kaminski et al. 2000) . Finally, those who perceive more bitterness also consume fewer vegetables, in both short access tests (Bell and Tepper 2006) and dietary self-report outside the laboratory (Basson et al. 2005; Dinehart et al. 2006) . When using structural equation modeling to identify spurious correlations, it appears that the observed effects of orosensory variation on vegetable intake are entirely mediated via liking (Dinehart et al. 2006) . Phenols, flavonoids, isoflavones, terpenes, and glucosinolates are some of the compounds responsible for vegetable bitterness, pungency, and/or astringency reviewed by Drewnowski and Gomez-Carneros (2000) . In contrast, those who taste less bitterness from sampled vegetables (brussels sprouts, kale, and asparagus) also taste more natural sweetness, which translates to greater liking of these vegetables and generalizes to greater reported intake of all vegetables (Dinehart et al. 2006) . In cruciferous vegetables, sweetness has been shown to decline in proportion to an increase in bitter glucosinolates (Schonhof et al. 2004) .
Taste response to phenylthiocarbamide (PTC) and propylthiouracil (PROP) are well-studied markers of genetic variation in taste. In 1931 , Fox (1931 made the accidental discovery of blindness to PTC bitterness, which was quickly shown to be a genetic trait (Blakeslee 1932) . Today, PROP is preferred over PTC in human studies, as it produces less sulfur odor and has known toxicity data due to its use as a medication (Barnicot et al. 1951; Lawless 1980) . Subject classification based on threshold methods can differentiate nontasters (low sensitivity) from tasters (higher sensitivity). Assessing suprathreshold perception separates supertasters from medium tasters among the PROP tasters (Hayes et al. 2008a) . Polymorphisms of the TAS2R38 gene explain the majority of variability in PTC and PROP threshold (Kim et al. 2003 ), yet they do not explain supertasting (Hayes et al. 2008a) . Current thinking suggests that supertasting exists as a phenomenon beyond operational definitions based strictly on PROP (Hayes et al. 2008a; Bajec and Pickering 2008; Reed 2008) .
Regarding TAS2R38, the ability to taste PROP/PTC at low concentrations associates with the proline-alaninevaline (PAV) haplotype while the alanine-valine-isoleucine (AVI) haplotype appears to encode a less functional receptor (Bufe et al. 2005; Duffy et al. 2004b) , resulting in three common genotypes across the population-PAV homozygotes, heterozygotes, and AVI homozygotes. Sandall and Breslin (2006) found that AVI homozygotes perceived less bitterness from glucosinolate-producing vegetables than heterozygotes, who in turn found them less bitter than did PAV homozygotes; in contrast, no genotypic differences were observed for vegetables lacking glucosinolates. Regarding consumption, data from the Italian branch of European Prospective Investigation into Cancer and Nutrition (634 healthy subjects) trial showed that AVI homozygotes consumed more cruciferous vegetables per day than did PAV carriers (homozygotes and PAV heterozygotes) across four geographic regions within Italy (Sacerdote et al. 2007 ). In contrast, the British Women's Heart and Health Study cohort (4,286 women aged 60 to 79 years) did not find a significant association between TAS2R38 genotype and vegetable intake among elderly females; this may be due to difficulties in seeing genotype-phenotype associations in the elderly or the debittering of vegetables in British food preparation techniques (Timpson et al. 2005) . Previously, Dick and colleagues (2001) demonstrated that the environment strongly moderates genetic effects, which may account for this discrepancy. Here, we provide data from a laboratory cohort of young adults in the USA confirming the putative link between TAS2R38 genotype and vegetable intake.
Fungiform papillae are innervated by taste and trigeminal fibers (Whitehead et al. 1985) and thus provide a proxy of innervation density. By recording videoimages of a bluestained anterior tongue under magnification, a sampling of number of fungiform papillae can be determined, which may associate with intensity of prototypical tastes (reviewed by Prutkin et al. 2000) , non-taste oral sensations (Prescott et al. 2004) , tactile acuity (Essick et al. 2003) , food preferences (Hayes and Duffy 2008) , and, at least indirectly, intake (Hayes et al. 2010) . Fungiform papilla number has an influence on PROP bitterness that is independent on TAS2R38 genotype and may have differential effects for heightened bitterness across genotype (Hayes et al. 2008a ). The genetic basis for fungiform papilla density is presently unknown. The number of these papillae is probably stable across aging since the number declines only with severe nerve damage, such as damage to chorda tympani and lingual nerves (Zuniga et al. 1994) . Taste and oral sensations can change relative to fungiform papillae density because of exposure to environmental factors that alter the balance of taste and trigeminal input. For example, damage to taste nerves can release tonic inhibition of trigeminal input, resulting in heightened response to tactile sensations from fats and irritants, and at the extreme to produce phantom pain sensations in absence of oral stimulation (Bartoshuk et al. 2005b) . Regarding dietary behavior, fungiform papillae number can provide contributions independent of PROP phenotype to explain variability in intake, as with variability in sodium intake via liking for high-sodium foods (Hayes et al. 2010 ).
The present study aimed to build on previous literature by examining the relationships between genetic variability in orosensation and vegetable intake using a diverse battery of phenotypic measures (PROP bitterness, fungiform papillae number), TAS2R38 genotype, and vegetable intake measures. This study employs state of the science psychophysical methodology, which allow for valid comparisons across nontasters, medium tasters, and supertasters (Bartoshuk et al. 2005a; Hayes et al. 2008a ). This study also uses two separate but complementary methods of dietary assessment to quantify intake: multiday non-consecutive food records and an interviewed food frequency questionnaire (FFQ). Multiday food records are the gold standard in dietary assessment (de Castro 1994), but they can induce assessment reactivity (Macdiarmid and Blundell 1998) and may fail to capture usual intake due to limited timepoints or seasonal fluctuations in diet. In contrast, FFQs capture typical intake over time, but are inherently less quantitative (Subar et al. 2001) . By using both here, we present a more complete view of an individual's vegetable intake. Additionally, since avoidance of many types of vegetables has previously been attributed to their bitterness, the study also examined the ability of PROP phenotype and TAS2R38 genotype to predict the bitterness of another bitter tastant, QHCl.
Participants and Methods

Participants
Men and women were recruited from a university community to obtain diversity in phenotypic measures of chemosensory genetics and to minimize confounding factors that would affect the study of taste genetics and dietary behaviors. Potential participants were not invited into the study if, during telephone screening, they reported a history of severe head trauma and/or ear infections, which hinder classification of genetic variation in taste (Bartoshuk et al. 1996) . As dietary restraint influences accuracy of dietary assessment (Bathalon et al. 2000) and the study of taste genetics and diet (Tepper and Ullrich 2002) , subjects with high dietary restraint were excluded by telephone screening with the "Concern for Dieting" subscale of the Restrained Eating Scale Polivy 1975, 1980) and by the "Cognitive Restraint of Eating" (Gorman and Allison 1995) subscale of the Three Factor Eating Questionnaire (Stunkard and Messick 1985) administered at the first study session. The first study session assured sampling diversity in PROP tasting as reported previously (Duffy et al. 2004c ) by screening for nontasters via a PROP threshold and supertasters via perceived bitterness of 0.32 mM PROP, a moderately concentrated solution to avoid context effects imposed by the concentrated PROP solution (3.2 mM PROP) (Bartoshuk 2000) .
The study sample consisted of 59 reportedly healthy individuals (28 females, 31 males; mean=26.14±0.55 SEM) for whom blood samples were available for genotyping the TAS2R38 gene (Entrez GeneID 5726). The number of subjects provided a sufficient ratio of cases to independent variables for testing the study aim. For multiple regression analyses with the phenotype, 55 cases were required at alpha=0.05 and 80% power with two predictors to detect a medium-sized (f2=0.15) effect (Faul et al. 2007 ). For analysis of variance using genotype, a minimum of 20 subjects per group at alpha=0.05 and 80% power is sufficient to detect a large (f2=0.45) effect. The sample was primarily of European ancestry, with self-reported ethnicity as follows: 45 Caucasians, one African American, seven Asians, five Hispanic, and one Asian-Indian. Most (n=40) had normal body mass indexes (BMI<25); 16 subjects were overweight (BMI>25 and <30) and three were obese (BMI>30). In this sample, PROP bitterness did not associate significantly with obesity (body mass index) or central adiposity (waist circumference). Participants reported to the lab for three sessions approximately 1 week apart. Procedures were approved by the Institutional Review Board; subjects provided written consent and were paid for their participation.
Intensity Ratings
Subjects used the general Labeled Magnitude Scale (gLMS) to rate the bitterness of QHCl and PROP (Bartoshuk et al. 2005a ). The gLMS is a generalization of the Labeled Magnitude Scale (Green et al. 1996) devised to apply to sensations from all domains. For intensity, the scale was labeled 0 at the bottom for "no sensation" and 100 at the top for "strongest imaginable sensation of any kind," with intermediate labels located at "barely detectable" (1.4), "weak" (6), "moderate" (17), "strong" (35), and "very strong" (53). The intensity labels were not confined to the context of oral sensation as in the original LMS (Green et al. 1996) . Since intensity labels like "very strong" denote different absolute perceived intensities to groups of individuals whose prior oral sensory experiences vary due to biological differ-ences, restricting the rating context to "oral sensations" would systematically bias the data and potentially obfuscate real effects (Bartoshuk et al. 2005a; Snyder et al. 2006) . After an orientation with imagined or remembered sensations, participants pointed and clicked with a computer mouse to indicate the location on the gLMS that represented the intensity of the sensation from the sampled item. A basic program (Microsoft Basic, Version 2.43) converted the response into a whole number visible to the subject (Duffy et al. 2004c) . The experimenter provided the samples and recorded the intensity ratings manually.
Measures of Taste Phenotype and Bitterness of QHCL PROP bitterness and threshold were assessed as described previously (Duffy et al. 2004c) . A PROP threshold test was administered on the first day of testing using a modified up-down procedure (McBurney and Collings 1977) with room temperature solutions ranging in quarter-log steps from 0.001 to 3.2 mM reagent grade 6-n-propylthiouracil dissolved in deionized water (Hydro Picotech System, >18 MΩ/mL). Threshold was the geometric mean of the final six reversals in the up-down procedure. On day 1, subjects also rated the intensity of 0.32 mM QHCl. At the end of the session on day 3, adults reported the perceived bitterness of five PROP solutions presented in half-log steps (from 0.032 to 3.2 mM). Perceived bitterness of 3.2 mM PROP, reported as raw data derived from the gLMS, was used to predict QHCl bitterness and vegetable intake. Videomicroscopy of the tongue tip was used to assess density of fungiform papilla in a 6-mm-diameter circular template on the right and left tongue tips following a procedure similar to that of Miller and Reedy (1990) and reported previously (Duffy et al. 2004c ). The mean number of papillae on the right and left sides of the anterior tongue was used to predict bitterness ratings and vegetable intake.
Determination of TAS2R38 Genotype
Using standard methods and following manufacturer's instructions (Gentra), DNA was extracted from whole blood samples, which had been stored at subzero (−70°C) freezer temperatures. Purified DNA samples were stored at 4°C until being analyzed with the 5′ exonuclease reaction (TaqMan). Genotypes were determined using vendor supplied assays from Applied Biosystems (hCV8876467, hCV9506827, and hCV9506826); 384-well plates were read on an ABI Prism 7900 HT. Samples that failed to give a clean genotype were repeated once. Individuals had only three patterns on genotyping for the three polymorphic sites: only P, A, and V present; only A, V, and I present; and both alleles present at all three sites. Given extensive population data (Bamshad et al. 2004; Kidd et al. 2004) , these correspond to PAV homozygotes, AVI homozygotes, and PAV/AVI heterozygotes, respectively, with probabilities >99%. Of the 59 individuals genotyped for TAS2R38, four had uncommon haplotypes and were removed from the genotype analyses.
Measures of Vegetable Intake
Vegetable intake was assessed using two complementary but distinct methods: (a) five 1-day, non-consecutive food records, which were analyzed for Pyramid vegetable group servings (Cook and Friday 2000a) and (b) validated food frequency questionnaire to estimate general intake of vegetables and two groups of vegetables eaten over the preceding year. A registered dietitian (RD) provided instruction on how to maintain food records, reviewed one or two records submitted each session with the participant, and analyzed the records with the Food Processor Program (v7.5), which provided servings of the Pyramid vegetable group and total energy intake.
During session 2, the RD interviewed participants with the Block food questionnaire (Version 98.1) (Berkley Nutrition Services 2003) on the number of servings of vegetables generally eaten (minus salad and potatoes) according to nine frequency categories (less than once per week to 4+ per day) and specific vegetables according to nine frequency categories (never to daily) and the amount consumed (pictures of serving sizes were used). Each was converted to number of servings eaten on an annual basis (e.g., 1/day=365). Two groups were formed conceptually, "all vegetables group" and the "vitamin A&C-rich vegetables" (Table 1 ). The former group tested the ability of phenotype and genotype to associate with intake of all vegetables, while the latter was comprised primarily of vegetables with bitter or acidic sensations that have been shown to associate with genetic variation in taste. Vegetables consumed less than once per month (greens, cole slaw/ cabbage, chili, split pea/bean/lentil soup, and vegetable stew) were not included in the groups. The groups had reasonable internal reliability (Table 1 ). The potential for systematic differences in reported frequency of food intake across groups was examined by taking an overall reported frequency of all foods and beverages and comparing that frequency with the taste genetic measures and sex. Neither the phenotypes, genotypes, nor sex varied significantly with this reporting frequency across all foods on the food frequency questionnaire.
Statistical Methods
Statistica (version 4.1, StatSoft, Tulsa, OK, USA) was used to complete the statistical analyses, and the criterion for significance was p≤0.05. Standard regression analyses predicted quinine bitterness and vegetable intake variables from both measures of taste phenotype, 3.2 mM PROP bitterness and fungiform papilla number. Although we previously found that PROP phenotype captures additional variance in sensory response even after controlling for TAS2R38 genotype (Hayes et al. 2008a ), we did not include genotype in the multiple regression model here because of multicollinearity with PROP bitterness, which would inflate the p values for the collinear terms (Tabachnick and Fidell 2000) . The two common approaches to reduce multicollinearity are to increase sample size or to drop one of the collinear variables. The present study was not powered with a large sample size to partition out the unique effects of PROP bitterness on intake of vegetables beyond the influence of TAS2R38. Sex was also not added into the multiple regression models because men and women did not vary significantly with regard to quinine bitterness or vegetable intake standardized to energy intake (see "Results" below), and sex did not contribute significantly in the final models. For the analysis, variables were transformed for normality and multivariate outliers, which unduly influenced the regression line identified via standardized residual and Mahalanobis distance criteria (critical chi-square at p<0.001 with df=independent variables; Tabachnick and Fidell 2000) were removed. For most models, there were no outliers; in any more analysis, no more than two outliers were removed. The semipartial correlation coefficient (sr-unique variance explained by each independent variable) is presented.
A two-way ANOVA and planned comparisons with t tests (error term generated by the ANOVA) (Keppel 1991) was used to analyze the genotype and concentration effects on PROP bitterness. Genotype influences on quinine bitterness and vegetable intake variables were tested for mean differences using t tests.
Results
Participants and Vegetable Intake
The characteristics of the participants are summarized in Table 1 . Men were significantly older (p<0.05) and had higher BMIs and waist circumferences (p<0.001) than the women; the level of dietary restraint did not differ across sex.
From food record analysis, the mean (±SEM) daily energy intake (kJ) of women and men was lower than that reported for NHANES 1999-2000 (Wright et al. 2003) : women (7,470.1 ± 288.5 vs. 8,485.2 ± 170.7) and men (10,152.0±432.6 vs. 11,819.8±246.4). The lower intakes of energy may have occurred as the present sample had proportionally fewer overweight and obese individuals than NHANES 1999 (27.12% vs. 64.5% for overweight; 5.08% vs. 30.9% for obese) as energy intakes are dependent on level of adiposity (National Academy of Sciences 2002).
Also from food records, Food Pyramid vegetable group servings averaged 3.23±0.22 (range 0.54 to 7.88) per day Consistent with prior reports (e.g., Duffy et al. 2004c; Kalmus 1958; Lawless 1980) , the distribution of PROP detection thresholds has bimodal (not shown). To show the diversity in suprathreshold bitterness of PROP, the bottom quartile with the lowest ratings for 3.2 mM PROP (near saturation) were classified as nontasters, the top quartile with the highest ratings were classified as supertasters and the middle two quartiles as medium tasters (Fig. 1) . Mean bitterness of 3.2 mM PROP was not significantly different in men (35.45± 3.60) versus women (35.88±3.75) (t=0.08, p=0.94). Number of fungiform papilla varied from 11.75 to 42.5, with a greater mean density in women (26.5±1.4) than in men (23.0±1.2) (t=1.98, p=0.05). PROP bitterness and fungiform papillae number were positively correlated (r=0.44, p<0.001).
The PROP bitterness functions for adults with the three common genotypes are shown in Fig. 1 . The associations between TAS2R38 and taste phenotypes (PROP bitterness and fungiform papillae density) in the present sample match those from other samples from our lab (Duffy et al. 2004b; Hayes et al. 2008a ). The two-way ANOVA had significant main effects of genotype (F(2,52)=37.551, p<0.0001) and concentration (F(4,208)=194.10, p<0.0001) and significant genotype by concentration interaction (F(8,208) =18.55, p<0.0001). In pairwise comparisons, the three functions differ significantly for the four highest concentrations of PROP: PAV homozygotes>heterozygotes>AVI homozygotes, at least p<0.05.
There were more men than expected in the heterozygote group and more women than expected in the PAV/PAV group (χ 2 (2)=9.78, p<0.01); this sex difference was not observed in a larger sample (Duffy et al. 2004b; Hayes et al. 2008a ). To avoid a potential sex confound, the genotypes were pooled to compare PAV allele carriers (PAV homozygotes and PAV/AVI heterozygotes) against the AVI homozygotes, resulting in nine vs. 15 women, and 11 vs. 20 men in the two groups, respectively. Number of fungiform papillae did not show significant mean difference across the two genotype groups (t=1.28, p=0.20), consistent with other analyses (Hayes et al. 2008a ).
Relationships Between Phenotype, Genotype, and Quinine Bitterness
The bitterness of quinine averaged 41.56±2.55 SEM (between strong and very strong) and did not differ significantly between men and women (t=0.48, p=0.63). In separate bivariate associations, those who tasted quinine as more bitter also tasted PROP as more bitter (r=0.33, p<0.01) and had higher density of fungiform papillae (r=0.27, p<0.05). Adding both measures of phenotype into multiple regression predicted significant variance in quinine bitterness (R 2 =0.13, p<0.01) with significant contributions only from PROP bitterness (sr=0.31, p<0.05). Consistent with reports published previously (Hayes et al. 2008a) , the mean quinine bitterness was not significantly different in PAV carriers as compared with AVI homozygotes (t=0.55, Fig. 1 Left, PROP functions by TAS2R38 genotype (Entrez GeneID 5726). Right, PROP functions by psychophysical criteria based on the bitterness of 3.2 mM PROP for subjects with common genotypes p=0.58) in this cohort. Additionally, PAV carriers were not more likely than AVI homozygotes to report that the quinine was equal to or greater than strong (χ 2 =0.24, p=0.62).
Vegetable Intake by Taste Phenotype
In multiple regression analysis, variance in the number of servings of Pyramid vegetable group per 1,000 kJ was predicted by the taste phenotypes (PROP bitterness and fungiform papilla) and sex (R 2 =0.20, p<0.01) with separate contributions from PROP bitterness (sr=−0.44, p<0.01; Fig. 2) and fungiform papilla number (sr=0.23, p=0.06) . Notably, the patterns were in opposite directions: Individuals who tasted PROP as least bitter yet had more fungiform papillae consumed more servings of vegetables.
Taste phenotypes (PROP bitterness, fungiform papillae) predicted significant variance in the all vegetables group (R 2 =0.11, p=0.05) and tended to predict variance in the general vegetable question (R 2 =0.06, p=0.17) and the A&C-rich vegetable group (R 2 =0.09, p=0.07). PROP bitterness showed negative association with vegetable intakes, being a significant predictor for servings of the all vegetable (sr=−0.26, p=0.05) and the A&C-rich vegetable (sr=−0.30, p<0.05) groups and tended toward being a predictor of the general vegetable question (sr=−0.25, p= 0.06). Fungiform papilla density had a positive relationship with vegetable variables, but it was only a significant predictor for the all vegetables measure (sr=0.27, p<0.05). Figure 3 provides an example of the joint influence of PROP and fungiform papilla on intake of vegetables. For the PROP nontaster, those with higher number of fungiform papillae reported a significantly higher intake of vegetables than those with a lower number of these papillae (groups defined at the median for the taster group). This effect was seen across all of the vegetable groups but is only shown for the all vegetable group from the food frequency questionnaire. Consistent with multiple regression analysis, the PROP supertasters consumed fewer vegetables than PROP nontasters. Fungiform papillae number had less influence of vegetable intake in the supertasters than in the nontasters.
Vegetable Intake by Taste Genotype AVI homozygotes reported consuming significantly more servings of vegetables than did individuals who carried at least one copy of the PAV allele, according to Pyramid vegetable servings from the food records and according to the question of servings generally eaten and the vegetable groups from the food frequency questionnaire (Fig. 4) . Number of fungiform papilla among the nontaster genotype explained additional variance in vegetable intake as seen with the nontaster phenotype (Fig. 3) .
Discussion
In this laboratory-based study of college-aged adults, vegetable intake varied with taste phenotypes and TAS2R38 receptor genotype. Carriers of the functional (PAV) allele consumed less vegetables that did AVI/AVI homozygotes, and the bitterness of PROP was negatively correlated with intake. PROP bitterness and TAS2R38 genotype predicted intake of all vegetables (e.g., Pyramid vegetable intake, food frequency questionnaire vegetables shown in Table 1 ), which is consistent with previous phenotypic findings from our laboratory (Basson et al. 2005; Dinehart et al. 2006) and others (Bell and Tepper 2006; Turnbull and MatisooSmith 2002) . Present data suggest that the effects of TAS2R38 genotype on vegetable bitterness seen previously in a US cohort (Sandell and Breslin 2006 ) also extend to consumption. To date, only two epidemiological trials have explored putative relationships between TAS2R38 and vegetable intake, with conflicting results (cf. Timpson et al. 2005 and Sacerdote et al. 2007 ). Our laboratorybased study provides independent confirmation of the latter, suggesting that the taste genetic-intake relationship exists when using valid measures of vegetable consumption, controlling for mediating factors known to influence vegetable intake (e.g., income and availability), and minimizing reporting errors that plague dietary assessment (e.g., dietary restraint). Additionally, we note that the relationship between TAS2R38 and vegetable intake was not limited to members of the glucosinolate-containing cruciferous family (e.g., brussels sprouts, and kale), which contain compounds that share the N-C═S moiety with PROP and PTC. Genetic differences in taste and oral sensations may influence early (Bartoshuk et al. 2005a) and Pyramid vegetable servings (standardized to energy intakes). Bivariate correlation coefficient is reported acceptance of oral sensory characteristics of vegetables, particularly bitterness, which may generalize to the acceptance and willingness to consume all vegetables. Markers of variation in taste may serve as a biomarker of habitual consumption of vegetables and thus serve as tools to study how diet influences chronic disease risk (Sacerdote et al. 2007; Duffy et al. 2004a, b, c) .
Vegetables are perceptually complex stimuli, as they present a wide array of oral sensations to consumer that both promote and deter vegetable intake. Genetically determined variation in orosensation likely influences many of these sensations to affect ingestion behaviors. The primary approach in studying relationships between dietary behavior and sensation has been to examine bitterness as a hindrance to consumption (Drewnowski and GomezCarneros 2000) . However, it has recently become apparent that we need to expand our approach to include sensory factors that have positive influences on vegetable preference and intake. As an example, we reported enhanced prediction of alcohol intake from tastes of alcoholic beverages when both perceived bitterness and sweetness were included in the analysis (Lanier et al. 2005 ). Subsequently, we used a similar approach to predict vegetable intake, and found that our ability to explain the variability in reported vegetable intake was greatly enhanced when we also considered the amount of endogenous sweetness (Dinehart et al. 2006 According to preliminary evidence, supertasters can benefit from lightly sweetening vegetables, thus balancing sweetness and bitterness, to enhance the acceptability of traditionally disliked vegetables (brussels sprouts, kale, and asparagus) (Napoleone et al. 2007 ). The present study also found a positive relationship between fungiform papilla number and vegetable intake, particularly in the nontasters by phenotype or genotype. That fungiform papilla number shows an effect opposite to that from PROP on vegetable behaviors is consistent with an earlier finding from our laboratory. We found that those who had higher numbers of fungiform papillae reported greater liking for vegetables (Duffy and Bartoshuk 2000) . Although fungiform papilla density correlated with PROP bitterness in the present study and in others (Bajec and Pickering 2008; Essick et al. 2003; Tepper and Nurse 1997) , it is a separate taste phenotype that provides unique contribution to the prediction of dietary behaviors (Duffy et al. 2004c; Hayes and Duffy 2008; Hayes et al. 2010) . Greater density of fungiform papilla likely associates with more intense textural and retronasal olfactory sensations from foods and beverages, which may add to the level of liking and increased consumption of vegetables in the nontaster. Although consumers often give texture as the reason for not liking certain foods (e.g., negative attributes such as sticky, soggy, or slimy textures ; Cardello 1996) , an elevated number of fungiform papillae for the PROP nontaster likely associates with overall enhancement of the oral sensations for vegetables (including endogenous sweetness), which promotes vegetable liking and consumption. In contrast, among PAV carriers, and PROP supertasters, the bitterness supersedes the positive effects of more fungiform papillae. Thus, it seems that fungiform papillae number may be especially salient for vegetables, but only for some individuals.
As discussed elsewhere (Hayes et al. 2008a ), supertasters (defined via PROP bitterness) taste the bitterness of quinine more intensely than do nontasters not because of the TAS2R38 genotype per se but because they appear to have heightened oral sensations regardless of quality. Indeed, diverse evidence indicates that quinine bitterness occurs via a TAS2R38-independent mechanism (Delwiche et al. 2001; Hansen et al. 2006; Hayes et al. 2008a) . One hypothesis suggests that the correlation between quinine and PROP bitterness may be an underlying third variable, namely greater numbers of fungiform papilla. This view was partially supported in the present study as quinine bitterness was predicted by the perceived bitterness of PROP and the number of fungiform papillae, but not by TAS2R38 genotype. However, papillae may not be the only determinant, as emerging evidence suggests that it cannot completely account for the heightened oral sensations in some individuals (Bajec and Pickering 2008; Hayes et al. 2008a ); indeed, we found here and elsewhere that PROP bitterness continues to predict heightened response even after controlling for papillae number or TAS2R38 genotype. This suggests a pressing need for the field to develop additional methods to identify supertasters that are not confounded with receptor genetics (Bajec and Pickering 2008; Green and Hayes 2004; Hayes et al. 2008a) .
The association between TAS2R38 genotype and vegetable intake is consistent with associations in adults between PROP bitterness and vegetable preference Kaminski et al. 2000; Keller et al. 2002; Turnbull and Matisoo-Smith 2002) , liking (Dinehart et al. 2006 ) and intake found in the present sample, and another study of older men (Basson et al. 2005) . The association also supports that bitter receptor genetics influences the acquisition of preference and thus willingness to consume vegetables as shown in studies with preschool children (Keller et al. 2002; Turnbull and Matisoo-Smith 2002) . Genetic variation in oral sensation could also influence chronic disease risk through ingestive behaviors related to alcohol use (Duffy et al. 2004b; Hayes et al. 2008b; Lanier et al. 2005; Wang et al. 2007 ), cardiovascular disease (Duffy et al. 2004a) , and cancer . Related to cancer risk, preliminary data find that men who tasted PROP as most bitter had the most adenomatous polyps (Basson et al. 2005) , which are considered the precursor of most large-bowel cancers. Present data also support that PROP bitterness serves as a proxy for assessing TAS2R38 effects on vegetable intake in a sample of young adults. However, using only the TAS2R38 genotype to predict vegetable intake behaviors may be highly limiting because this genotype as yet does not appear to explain variation in oral sensation beyond those related to the thiocyanate moiety (N-C═S) containing compounds. Notably, other taste receptor genes may contain functional polymorphisms that have the potential to impact food choice and dietary behavior (e.g., Duffy et al. 2009; Kuhn et al. 2004; Shiffman et al. 2008) . Nonetheless, PROP bitterness has proven utility as a measure of variation in oral sensation, which is affected by environmental factors (e.g., sex hormones and exposure to pathology). Using multiple measures of oral sensory variation has proved to increase the ability to predict dietary behaviors (Bajec and Pickering 2010; Duffy et al. 2009; Hayes and Duffy 2008; Hayes et al. 2010) The present study has a number of limitations. The sample was homogeneous in order to maximize the ability to reveal links between taste genetics and vegetable intake. Thus, the findings may not generalize to other groups. PROP may not be a significant predictor of genetic taste influences on vegetable intake in those who have been exposed to environmental insults, resulting in damage to the taste system (Bartoshuk et al. 1996) . Although the size of the sample is smaller than in some previous studies that have examined PROP influences on dietary behaviors, power analysis indicates that it was sufficient to detect medium to large effects. Indeed, we found significant effects that were logically consistent with other studies performed by different investigators in multiple locations; this suggests that genetic variation in oral sensation may be a meaningful driver of dietary behavior, at least for vegetables. Finally, unlike prior work (Dinehart et al. 2006) , the present study did not include measures of vegetable sensations or liking as intermediate variable between bitter phenotype and reported intake. However, given extant literature indicating that variability in vegetable intake is predicted by these variables (Drewnowski et al. 1999 Kaminski et al. 2000; Keller et al. 2002; Sandell and Breslin 2006; Turnbull and Matisoo-Smith 2002) , we believe the most parsimonious explanation is to conclude that relationships between bitter receptor genetics and vegetable intake are wholly mediated through sensation and liking, and are not due to a spurious relationship with some unknown third variable. As genotyping costs continue to plummet, this work has potential for translation to health promotion efforts and individualized dietary recommendations.
